Enterococci and especially glycopeptides-resistant enterococci (GRE) are a growing concern due to their ability to cause infections in hospitals. Transmission of antimicrobial resistance between reservoirs such as animals, meat, and humans are in most cases linked to transmission of mobile genetic elements (MGE) such as plasmids and transposons. Presence of MGE was tested in all GRE isolated from food in Denmark in 2005-2007 including the first vanA mediated Enterococcus faecalis isolated from food. The ability of these plasmids to transfer and persist among enterococci was investigated using newly developed techniques for classification of plasmids. Replicons associated with sex pheromone-inducible plasmids were detected in all GR E. faecalis, whereas GR Enterococcus faecium contained plasmids known to be widely distributed among enterococci. vanA resistance is common in E. faecium isolates from meat and animals in Europe and is rarely found in E. faecalis. This article describes the first characterization of MGE from vanA mediated E. faecalis, thus linking this resistance genotype to pheromone responding plasmids.
Introduction
E nterococci are widespread in nature; however, for most enterococcal species, the predominant habitat is the gastrointestinal tract of animals and humans (Kuhn et al., 2005) . Enterococci were previously considered to be merely commensal bacteria; however, Enterococcus faecalis and Enterococcus faecium have become the third-to fourth-most prevalent nosocomial pathogen worldwide (Werner et al., 2008) .
Different clonal complexes adapted to humans have been identified among enterococci isolated from patients (Leavis et al., 2006) . This may lower the survival potential of animal associated clones. Therefore, the most likely transmission of glycopeptide resistance from ''farm to fork'' appears to be horizontal transfer of mobile genetic elements (MGE) as reported in many studies (Leclercq et al., 1988; Heaton and Handwerger, 1995; Magi et al., 2003; Lim et al., 2006) . Acquired resistance to glycopeptides, in particular resistance mediated by vanA and vanB genes, are the most prevalent in Europe (Willems et al., 2005) . These genes are often encoded by the transposons Tn1546 and Tn1549/Tn5382-like elements. Moreover, Tn1546 has frequently been found on conjugative plasmids that increase the mobility of the VanA-type resistance (Leclercq et al., 1988; Heaton and Handwerger, 1995; Magi et al., 2003; Lim et al., 2006; Sletvold et al., 2010) .
Different conjugative transfer systems have been described for plasmids in enterococci. Plasmids belonging to the Inc18 group carrying glycopeptide resistance have been associated with transfer of vanA resistance gene to Staphylococcus aureus (Zhu et al., 2008) . Recently, sex-pheromone plasmids, isolated from E. faecalis of human and poultry origin, have been associated with glycopeptide resistance (Tanimoto et al., 2005; Lim et al., 2006) . A number of small peptides called pheromones (chromosomally encoded) are excreted into the medium by potential recipients producing a response in cells containing a sex-pheromone plasmid (potential donors). Transcription of a gene from the plasmid results in the production by the donor bacteria of agglutination substances that promote the attachment to recipient cells, thus causing a clumping reaction and high transfer rate (Dunny, 2007) . For a broader plasmid classification, a new classification system was recently published for plasmid isolated from Gram-positive bacteria . By the described method, prevalence of different rep-families can be determined using polymerase chain reaction (PCR) methods based on amplification of conserved sequences of rep-genes known to be found in enterococci and other Gram-positive bacteria.
Apart from classification of the plasmid backbone and its ability to proliferate and transfer, other elements are important for plasmid persistence. One of these is post segregation killing (PSK) systems. The PSK systems are regulatory systems consisting of a sense and antisense RNA where the antisense RNA's half life is reduced compared with the sense, thereby activating expression of a toxic protein encoded by the sense RNA in plasmid-free cells (Gerdes et al., 2005) . This prevents survival of plasmid-free progeny. Presence of a PSK system on plasmids will enhance the success for stable maintenance of these plasmids in their host.
Prevalence of glycopeptides-resistant enterococci (GRE) in food animals in Denmark has been screened continuously since 1995 (Danish Integrated Antimicrobial Resistance Monitoring and Research Program, DANMAP) . Recently, the first GRE were detected in food in Denmark. Among these were the first ever nonhuman detected glycopeptide-resistant vanA mediated E. faecalis (Agersø et al., 2008) . After this finding, we have characterized the transposons mediating resistance to glycopeptide and the plasmids encoding this transposon using the novel plasmid classification system , tested the presence of PSK, and studied for possible co-transfer of antimicrobial resistance.
Materials and Methods

Isolation and identification of antimicrobial resistant enterococci
Enterococci were isolated without selective enrichment and identified as previously described (DANMAP, 2006) . A total of nine GRE strains, including eight E. faecalis and one E. faecium, were selected for the study (Table 1) . They comprised all GRE isolated from food in Denmark during 2005-2007 (six GRE isolated from turkey meat imported to Denmark) and three strains of human origin, both community acquired (n = 2), and a hospitalized patient isolated between 2003 and 2006. All selected isolates were tested for resistance to ampicillin, avilamycin, chloramphenicol, daptomycin, erythromycin, gentamicin, kanamycin, linezolid, moxifloxacin, penicillin, salinomycin, streptomycin, quinupristin/dalfopristin, tetracycline, tigercycline, and vancomycin using micro broth dilution and minimum inhibitory concentrations (MIC) as previously described (DANMAP, 2006) . The strains and their relevant characteristics are summarized in Table 1 .
Genetic characterization
Antimicrobial resistance genes. All isolates were screened for the presence of antimicrobial resistance genes to detected phenotypes. The isolates and their corresponding transconjugants were also screened for the presence of vanX and the point mutations G to T at position 8234 . Donors and transconjugants were tested by PCR for the presence of Tn916 associated with transferability of tetracycline and tet(K), tet(L), tet(M), tet(O), and tet(S) as previously described (Aarestrup et al., 2000) . Isolates were examined for the presence of the following resistance genes: erm(B) ( Jensen et al., 1999) , vat(D) and vat(E) ( Jensen et al., 2002), aphA-3, and cat (Aarestrup et al., 2000) .
Transposon characterization (Tn1546). A previously described long-PCR (L-PCR) method was used to detect the inverted repeats of Tn1546 . Strains not producing amplicons with L-PCR were characterized using overlapping PCR . Further, the integration point of the transposon was assessed rather into a streptomycin resistance gene or into an Inc18-like plasmid as previously described (Garcia-Migura et al., 2008) .
Transferability of resistance
Conjugation of glycopeptide resistance from the nine isolates to two well-known rifampicin and fusidic acid resistant recipient strains (E. faecium 64/3 and E. faecalis JH2-2) was performed using filter-mating as previously described (Clewell et al., 1985) .
Plasmid characterization
Replicon typing. Donors and transconjugants were analyzed by multiplex-PCR for 19 different plasmid replicons typical of Gram-positive bacteria . Representative amplicons were purified and sequenced. Editing and alignment of DNA sequences was performed using Vector NTI advance 10.
Occurrence of toxin-antitoxin systems. All isolates were examined by PCR for the presence of axe-txe and the two versions of o-e-z toxin-antitoxin systems responsible for plasmid maintenance as previously described (Sletvold et al., 2008) . S1 nuclease pulsed-field gel electrophoresis and Southern-blot hybridization. Four representatives were selected based on the plasmid profiling, three E. faecalis and the E. faecium, their corresponding transconjugants were selected, and plasmid location of vanX and rep genes was assessed by the method of Barton hybridizing S1 nuclease-digested genomic DNA (Barton et al., 1995) . Digoxigenin-labeled probes for vanX and repA of pAD1 were prepared and labeled with DIG DNA Labelling Mix (Roche). Hybridization and colorimetric detection were performed as described by the manufacturer (Roche).
Results
Phenotypic resistance
A total of nine GRE were analyzed in this study consisting of eight E. faecalis and one E. faecium. All isolates were resistant to vancomycin (MIC ‡ 32 mg/L), erythromycin (MIC ‡ 16 mg/L), and tetracycline (MIC ‡ 16 mg/L; Table 1 ). The E. faecium strain and the E. faecalis 769374.02 were also resistant to kanamycin (MIC ‡ 2048 mg/L) and streptomycin (MIC ‡ 2048 mg/L). In addition, E. faecalis 769374.02 was resistant to chloramphenicol (MIC ‡ 32 mg/L).
Genetic characterization
Antimicrobial resistance genes. All GRE tested positive for vanX, thus indicating the presence of Tn1546. DdeI digestion of vanX PCR amplicons showed the three predicted bands of the wild-type vanX gene in all isolates. All isolates were positive for Tn916, tet(M), and tet(L) except for E. faecium 785864.21, which was negative for Tn916 and tet(M) but positive for tet(L). E. faecium 785864.21 was also able to transfer this gene to E. faecium 64/3. None of the isolates nor the transconjugants from E. faecalis 9677 tested positive for tet(K), tet(O), or tet(S). All donors and transconjugants contained the erm(B) gene, whereas none of them tested positive for vat(D) or vat(E). The kanamycin-resistant strains, E. faecium
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GARCIA-MIGURA ET AL. 785864.21 and E. faecalis 769374.02 were positive for aphA-3 gene. E. faecium 785864.21 was able to transfer aphA-3 gene to the E. faecium 64/3 recipient strains, whereas E. faecalis 769374.02 was unable to transfer this gene. None of the strains tested positive for cat.
Transposon characterization (Tn1546). Transposon characterization by L-PCR revealed the presence of the wildtype transposon in all E. faecalis strains (n = 8), whereas E. faecium did not yield an amplicon by L-PCR. The PCR targeting both ends of the transposon showed that E. faecium lacked both inverted repeats of Tn1546. Further, the first part of the Tn1546 was substituted with insertion of an IS3-like element linked to an IS1216V. All isolates tested negative by PCR for previously published integration points (Garcia-Migura et al., 2008) .
Transferability of glycopeptide resistance
The results of the filter mating experiments showed that eight out of nine potential donors were able to transfer the glycopeptide resistance genes (Table 1) . However, seven of the E. faecalis strains could only transfer the vanA genes to the recipient E. faecalis JH2-2, whereas E. faecium 785864.21 was able to mobilize the glycopeptide resistance genes to both recipients. All donors concurrently transferred resistance to macrolides. Further, co-transfer of kanamycin and tetracycline resistance was also observed from E. faecium (Table 1) .
Plasmid characterization
Replicon typing. All E. faecalis yielded an amplicon for the rep9 family of plasmids, similar to sex pheromone pAD1 plasmid. Sequencing of the obtained amplicons showed 100% identity to an internal region of the repA gene of pAD1. Analysis of the plasmid content by multiplex-PCR differentiated the nine donors into five groups: (i) contained three E. faecalis that were positive for rep9. (ii) contained three E. faecalis with positive amplicons for both rep9 and rep2 (pRE25like). (iii) E. faecalis 769374.02 that yielded amplicons for rep9, rep6 (pS86-like), and rep7 (pS194-like). (iv) E. faecalis 777343.07 that gave positive amplicons for rep8 (pAM373-like) and rep9.
(v) E. faecium 785864.21 that contained replicons for rep1 (pIP501-like) and rep2.
Plasmids containing a pAD1-like replicon were mobilized from seven out of eight potential donors to E. faecalis JH2-2 when selecting for glycopeptide. Further, plasmids from rep 6 and rep 8 groups were also transferred to the recipient strains, corresponding to a small cryptic theta replicating plasmid and a sex-pheromone responding plasmid, respectively. Interestingly, strains of E. faecalis containing replicons from rep 2 were not able to transfer them to E. faecalis JH2-2, whereas E. faecium was able to transfer them to both species used as recipients.
PSK systems. With the exception of E. faecalis 777343.07, all isolates and transconjugants yielded amplicons for both versions of one of the two PSK system tested for (Uez1 and Uez2). The axe/txe system was not detected. S1 nuclease digestion. Strains representing four of the five defined plasmid profiles based on replicon typing were further investigated. The S1 digestion of the plasmid content of three selected E. faecalis donors (Fig. 1) revealed the pres-ence of a common plasmid of approximately 70 Kb hybridizing to the repA probe of pAD1 plasmid and the vanX gene probe (data not shown). E. faecalis 3268 and E. faecalis 777343.07 contained extra plasmids of approximately 60 and 54 Kb, respectively. Further, S1 nuclease digestion of the corresponding transconjugants detected the presence of highmolecular-weight plasmids (120-140 kb) not found on the donor strains (Fig. 1 ). E. faecium 785864.21 harbored a plasmid of approximately 240 Kb and a smaller plasmid of 54 Kb that hybridized to the vanX gene. A plasmid of similar size was detected in transconjugants of both E. faecalis JH2-2 and E. faecium 64/3.
Discussion
This article describes the genetic characterization of plasmids isolated from GRE of food and human origin in Denmark. Using a newly designed plasmid classification system, the presence of the 19 defined rep-families was investigated. Most tested enterococci contained more than one plasmid. The E. faecalis strains harbored plasmids belonging to the rep 9 family. This rep family was absent in the E. faecium strain in agreement with previous results Rosvoll et al., 2010) . Sequences of the obtained amplicons were identical to the repA of pAD1, and S1 nuclease digestion revealed the presence of a common plasmid of approximately 70 kb in both, E. faecalis of humans and food origin, which suggests transmission of MGE between these two reservoirs. Further, this plasmid could only be transferred by conjugation into the E. faecalis JH2-2 recipient strain, demonstrating the narrow host range specificity of these plasmids. Both, plasmids from donors and transconjugants hybridized to the rep 9 and vanX, proved a linkage between sex-pheromone inducible plasmids 
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GARCIA-MIGURA ET AL. and glycopeptide resistance. However, during conjugation, the size of the plasmid changed from 70 kb to approximately 120-140 kb (Fig. 1, lane 3, 5, and 8) , thus suggesting plasticity of the investigated plasmids. Whether this change in size is a result of incomplete resolvation (approximately double size of the donor plasmid) or the acquisition of previously encoded chromosomal DNA of the donor cannot be evaluated in the present experimental setup. Similar changes in plasmid size during conjugation have been indicated for enterococci in other studies (Guardabassi and Dalsgaard, 2004; Coque, personal communication) . Plasmids are very dynamic structures, and these events demonstrate the plasticity of the MGE and the rearrangements that may occur during conjugation processes. Presence of glycopeptide encoded in sex-pheromone plasmids have been detected in Asia in enterococci from production animals (Tanimoto et al., 2005; Lim et al., 2006; Getachew et al., 2009; Harada et al., 2010) but only described in a few studies in Europe (Sabia et al., 2007; Haenni et al., 2009; Biendo et al., 2010) . Further, since a unique plasmid was detected in the transconjugants, this plasmid presumable also co-transferred the erm(B) gene.
In agreement with previous studies (Manson et al., 2003) , no linkage between vanA and tet(M) could be demonstrated while co-transfer of tet(L) was encountered. All transconjugants tested negative for the presence of Tn916, which indicate a chromosomal location of this transposon. It was interesting to find two mechanisms of tetracycline resistance, tet(L) and tet(M), in the same isolates. Further, E. faecalis 9677 JH2-2 transconjugant tested negative for all tet genes investigated, thus indicating the presence of a mechanism of tetracycline resistance not tested in this experimental setup or mutations in the target sequence of the primers used for screening. It is intriguing to understand the reason for harboring so many resistance genes for the same antimicrobial, but this could probably reflect the environmental pressures previously imposed on these clones.
Among these genetically related GR E. faecalis of different origin (food retail, humans in the community, and hospital bacteraemia), the same wild-type Tn1546 was found to be associated with the same MGE. Seven out of eight potential E. faecalis donors transferred glycopeptide resistance to E. faecalis JH2-2 by filter mating. Despite having similar gene content in terms of rep genes and PSK systems, E. faecalis 2924 did not mobilize the vanA gene. Since mobilization of plasmids is driven by the mob genes, perhaps mutations in the sequence of this gene have impaired the transferability of the plasmid.
E. faecium 785864.21 showed the presence of an IS3 element followed by an IS1216V upstream of the transposon. These insertion elements appeared to cause the deletion of ORF1 (transposase), which should affect the dissemination of Tn1546. Similar deletions and integrations have been previously found among GR E. faecium of porcine origin in Denmark, but all porcine linked Tn1546 have a mutation in vanX ) not found in the tested E. faecium. Conjugation experiments followed by plasmid characterization demonstrated the successful transfer of glycopeptide resistance to both, E. faecalis JH2-2 and E. faecium 64/3, most likely integrated in an Inc18-like plasmid, belonging to the rep 2 family, of approximately 57 Kb. This family of plasmids is widely disseminated Rosvoll et al., 2010) and has been described to be involved in the emergence of the first vancomycin resistance S. aureus case (Zhu et al., 2008) . In addition, mobilization of a highmolecular-weight plasmid of approximately 240 kb and co-transfer of other resistance traits such as kanamycin (aphA-3), streptomycin, and tetracycline [tet(L)] was also observed.
PSK systems secure the stable inheritance of plasmids during cell division by killing or impairing the growth of cells that have lost the plasmid (Gerdes et al., 2005) . All E. faecalis and transconjugants contained o-e-f PSK systems. Even though the presence of PSK systems could decrease the growth rate of a bacterial clone by killing the plasmid-free part of the population, clones containing them will not be able to lose the plasmids, thereby ensuring proliferation of the plasmids in the enterococcal population.
In this study, vanA E. faecalis were isolated from food imported into Demark and from isolates of hospitalized humans. All GRE of food origin were obtained from turkey meat imported from Germany during [2005] [2006] [2007] . It is interesting to notice that the antimicrobial avoparcin was banned in Europe in 1999. However, glycopeptide resistance appears to still be present at low levels in production animals (DANMAP, 2006; Sorum et al., 2006) , and GR E. faecalis have been isolated in low prevalence in food animals in Europe (Sabia et al., 2007; Haenni et al., 2009; Biendo et al., 2010) . Macrolides are extensively used for animal production and also for the treatment of infections in humans. Co-selection and persistence of GRE by the use of macrolide is suggested by the successful cotransfer of glycopeptide and macrolide resistance in this experimental setting. In addition, the prevalence of PSK will uphold the presence of glycopeptide resistance.
This GRE collection contained all GRE isolated from food in Denmark during 2005-2007 and three human GRE faecalis, two from 2006 and the first GR E. faecalis RHO182970 from human origin isolated in Denmark dated from 2003 (Agersø et al., 2008) . Plasmid characterization has demonstrated the presence of a plasmid of identical size belonging to the rep 9 group among E. faecalis of human origin and imported food. Even though the first isolated GR E. faecalis of human origin originated from 2003 and the food isolates were obtained between 2005 and 2007, results presented here indicate prevalence and persistence of these plasmids and transmission between the food and the human reservoir. Therefore, food available in Denmark is still a source of GRE that may be able to transfer glycopeptide resistance to human isolates.
